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Abstract 

We study the Affleck-Dine (AD) baryogenesis in the inflating curvaton scenario, 
when the curvaton is a moduU field with 0(10 — 10^ TeV) mass. A moduli field with 
^ I such mass is known to be free from the Polonyi problem, and furthermore its de- 

I cay products can explain the present cold dark matter abundance. In our scenario, 

it further explains the primordial curvature perturbation and the present baryon 
density all together. The current observational bound on the baryon isocurvature 
perturbation, which severely constrains the AD baryogenesis with the original os- 
cillating moduli curvaton scenario, is shown to put practically negligible constraint 
if we replace the oscillating curvaton with the inflating curvaton. 



1 Introduction 



The existence of moduli fields, light neutral scalar fields which interact with other fields 
only with the strength of gravitational interaction, is ubiquitous in candidates of more 
fundamental theory like supergravity or string theory. Since they interact only with the 
strength of gravity, their life-time is long and their late decay might destroy the successful 
scenario of the big-bang nucleosynthesis (BBN). This is the so-called Polonyi problem or 
cosmological moduli problem [H [21 |3l IH O |6] . The problem can be circumvented if the 
mass of the lightest moduli field is larger than some 10 TeV scale so that the reheating 
temperature is higher than ~ 1 MeV at which BBN starts [2] . Then, if the origin of the 
baryon number in the universe is the Affleck-Dine (AD) mechanism [7], the dilution of 
the baryon number by the decay of the moduli field may correctly explain the baryon 
asymmetry of the universe [8]. Furthermore, if the non-thermal decay of the moduli field 
produces the wino-like lightest supersymmetric particles (LSPs), it may account for the 
cold dark matter abundance in the present universe [9]. Thus, a moduli field with (9(10 — 
10^ TeV) mass combined with the AD baryogenesis may explain the baryon asymmetry 
and the dark matter abundance of the universe all together. Recently, it has been argued 
that string compactifications to four dimensions with stabilized moduli may generically 
have at least one moduli field with 0(10 — 10^ TeV) mass, and the above scenarios have 
been revisited from this view point [101 [HI [T21 [I3]ll It will be very interesting if (9(10 — 
10^ TeV) mass moduli field can further explain other features of our universe. 

In this paper, we examine whether (9(10 — 10^ TeV) mass moduli field can explain the 
primordial curvature perturbation as a curvaton [THl [191 [20l [21] . We assume weak-scale 
supersymmetry with gravity-mediated supersymmetry breaking, where the gravitino has 
(9(10 - 10^ TeV) mass@ In this case the moduh field also naturally has (9(10 - 10^ TeV) 
mass. Without special mechanisms, sfermions also acquire the mass of similar scale. 
However, if the field whose F-term dominates the supersymmetry breaking in the hidden 
sector is different from the field whose vacuum expectation value generates the gauge 
couplings, gaugino masses can be suppressed [231 [iHl [HI [121 [211 [13]. We will be interested 
in the case where the LSP is wino-like, in order to explain the present cold dark matter 
abundance. The AD baryogenesis in the original oscillating curvaton scenario has been 
studied in [25] where it was found that the observational bound on the baryon isocurvature 
perturbation puts an important constraint. The constraint is severe when the curvaton is a 



^The interests to the non-tlicrmally produced wino-like dark matter was also boosted by the PAMELA 
data [Ml [151 [H [HI. 

^The anomaly-mediation also works for the non-thermal production of the cold dark matter, but the 
AD baryogenesis part does not work in the same way as in the gravity-mediation case studied here. See 
e.g. [22] and references therein. 
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moduli field, since there are natural mass scales for the moduli field and the AD scalar field 
in weak-scale supersymmetry scenarios. Interestingly, this constraint naturally leads us 
to consider the recently proposed inflating curvaton scenario [22], as we explain in section 
O Our scenario for the baryon asymmetry of the universe has an important difference 
from the above mentioned scenario, and this difference is crucial for the suppression of 
the baryon isocurvature perturbation. Our scenario for the baryogenesis can be regarded 
as AD baryogenesis with a version of low-scale inflation with low reheating temperature 
[271128]. 

Before entering the main body, let us summarize our scenario for the history of the 
early universe. The relevant scales are: the Hubble expansion rate of the first inflation 
Hi, the decay rate of the inflaton Tj, the mass of the inflaton rrij, the Hubble expansion 
rate of the second inflation H2, the mass of the inflating curvaton m^, the mass of the AD 
scalar field ttiad, the decay rate of the curvaton To- ~ ml/Mp. Here, Mp is the reduced 
Planck scale: Mp = (SttG)"^/^ ~ 2.4 x 10^^ GeV. Our scenario assumes Hi > mj > Tj > 
H2> m^> m.AD > r^: 

1. The first inflation with the Hubble expansion rate Hi. The curvaton acquires quan- 
tum fluctuation, which becomes classical at the horizon exit. The phase part of 
the AD scalar also acquires quantum fluctuation if the Hubble induced A-term is 
suppressed, and this leads to baryon isocurvature perturbation. 

2. When H ~ mj the first inflation ends and the inflaton starts coherent oscillations. 

3. After the time scale t ~ Fj ^, the inflaton decays and reheats the universe. Then 
the energy density of the universe is dominated by radiation. 

4. As the universe expands, the radiation is diluted and later on the potential energy 
of the curvaton begins to dominate the energy density of the universe. This leads to 
the second inflation with the Hubble expansion rate H2. The primordial curvature 
perturbation is produced around the time when the second inflation starts. The 
pre-existed radiation is diluted away by the second inflation. 

5. When H ~ the second inflation ends and the curvaton begins coherent oscilla- 
tions. The energy density of the universe is dominated by the curvaton matter. 

6. When H ~ mjip,, the AD scalar field begins a spiral motion and produces the baryon 
number. 

7. After H becomes much smaller than rriAD, the baryon number freezes. The AD 
scalar eventually decays and the baryon number is transmitted to the Standard 
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Model (SM) particles. The energy density of the AD scalar is always sub-dominant 
and its decay does not reheat the universe. 

8. At t ~ r~^, the curvaton decays and reheats the universe. The cold dark matter is 
produced from the decay product of the curvaton. 

The organization of this paper is as follows. In section |2l we discuss the inflating curvaton 
scenario, which corresponds to the epoch 1-5 above. In section [3] we discuss the AD baryo- 
genesis in our scenario, which corresponds to the epoch 5-8. In section H] we discuss the 
baryon isocurvature perturbation. In section [5l we review an issue in the AD baryogene- 
sis in original oscillating curvaton scenario for a comparison. We end with summary and 
discussions in section |6l In appendix |A] we review the argument of [26] for why and under 
what conditions the inflating curvaton with a quadratic potential cannot dominate the 
primordial curvature perturbation. In appendix |B] we review the non-thermal production 
of the wino-like cold dark matter from the inflating curvaton decay, which corresponds to 
the epoch 8 above. 

2 Inflating curvaton scenario 

An interesting new scenario for the origin of the primordial curvature perturbation, named 
"inflating curvaton," was recently proposed in Ref.[26]. This scenario is radically different 
from the original oscillating curvaton scenario [HI [191 1201 121] . As briefly reviewed in the 
introduction, in this scenario the curvaton starts to dominate the energy density while 
it is still slowly varying, giving a few e-folds of inflation before it starts to oscillate. In 
section 13 we will argue that the inflating curvaton scenario is quite natural when combined 
with the AD baryogenesis, considering the observational bound on baryon isocurvature 
perturbation. In the inflating curvaton scenario, cosmological scales are demanded to be 
outside the horizon at the time ^2 when the second inflation starts. Requiring that the 
shortest cosmological scale, say a region enclosing 10^ solar masses, to be outside the 
horizon at the beginning of the second inflation, the e-folds N2 required for the second 
inflation is given as [261 129] 



In this paper we consider the pseudo-Nambu-Goldstone boson (PNGB) type inflating 
curvaton potential considered in [26] : 








(2.2) 
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For a moduli field, mo- ~ ^3/2 and / ~ Mp would be quite natural and we will assume it 
to be the case in the following. We will discuss a constraint on / from the observations in 
section SI With the above parameter region, H2 ~ m„ and thus the slow-roll condition is 
not satisfied; we are in the regime of the fast-roll inflation [30]. When vr — cr// ^ 1, the 
potential (12.21) can be approximated as 

VM-rnlf-^inf-af. (2.3) 
When H is approximately constant: 

the evolution of the curvaton field is described by the equation 

+ 3H2^ - mla = 0, (2.5) 

where 

a = 7Tf ~a. (2.6) 

In the above, the dot denotes the derivative with respect to time t in the coordinate 
system 

3 

ds^ = -dt" + a^{t) ^{dx'f. (2.7) 

i=l 

(12. 5p can be solved by an ansatz 

a=(7r/-a2)e'^(*-*^), (2.8) 

where we have set the initial condition when the second inflation starts as cr = cr2 < tt/ 
at t = ^2- The inflating curvaton rolls towards the origin a = 0. Putting (12. 8p into (12. 5p . 
we obtain 

+ 3/^2^ - = 0, (2.9) 

thus 



_ -3^±V^9^+4m| 
w = w± = ^-^ . (2.10) 

The solution with uj = corresponds to the exponentially decreasing field which rapidly 
disappears, whereas the solution with uj = corresponds to the exponentially growing 
field. Below we consider the u = u+ solution: 

a=(7r/-a2)e^^^(*-*^), (2.11) 
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where 

9. ( I ATn2 \ 

(2.12) 

The field value of the curvaton at the end of the second infiation cr(te) = CTg may be well 
approximated by o"e ~ 7r//2. Then the number of e-folds by the second inflation is given 
by 

J I , (2.13) 

irf - a2 J 

thus 

N,^^\n(—^]. (2.14) 
When a<^7if/2, the potential (12. 2p can be approximated as 

2 

Ttl 

K{a) ~ -fa'. (2.15) 

The curvaton starts to oscillate when a < 7r//2 and H ~ m„. 

Now let us discuss the primordial curvature perturbation. To the first order in the 
fluctuation of the energy density 6p, the primordial curvature perturbation ((k, t) is given 
as 

c(k,t) = -i/(t)MM = 1 y^^) , (2.16) 

where p is the energy density and p is the pressure. The second equahty corresponds 
to the energy continuity condition p = —3H{p + p). Just from the conservation of the 
energy-momentum tensor one can show the conservation of the curvature perturbation 
when the pressure is a unique function of the energy density [311 EH]. In any curvaton 
scenario, ( is generated whfle p = Pa + pr and p = Pa + Pr, where pa = &'/2 + K-(o") and 
Pct = o"^/2 — K-(o") are the curvaton contributions to the energy density and the pressure 
respectively, and pr and pr are those from the radiation|§ Let us write 

C(k,t) = Mt)C(k,t), (2.17) 

where h{t) = {PcT+Pa)/{p+p) and 3(o- = ^Pa I {Pa+Pa)- There is supposed to be negligible 
exchange of energy between the two components, so that Co- is constant if p^, is a unique 
function of p^. In inflating curvaton scenario, Co- becomes constant soon after the second 



^In inflating curvaton scenario those can be from the matter |26| 
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inflation begins [26]. The second inflation dilutes the radiation and h{t) soon becomes 
close to 1. Thus we have 

C(k) ~ (2,18) 

To the first order in 6a, 5pa ~ V^5a. At the horizon exit during the inflation, da ~ Hijl-n. 
Writing ait'i) as a function of the field value of the curvaton at the horizon exit a* during 
the first inflation: a{t2) = g{a^), the primordial curvature perturbation is given as 



_ El (2 19) 



Since (12. 5 p is linear in a, g{a) is also hnear in a. Putting g{a) ~ a and the curvaton 
potential (12. 2p . we obtain 



^ \ (^) (-0) 



This should be compared with the CMB normalization [32] 

Vl'"^ ~ 5 X 10-^ (2.21) 
We will come back to the comparison with the CMB observation in section HI 



3 AD baryogenesis after the second inflation 

In this section we study the AD baryogenesis taking place after the second inflation. We 
assume the AD scalar originates from the flat direction in the Minimal Supersymmetric 
Standard Model (MSSM) [33l [M]. The potential for the AD scalar is given by 

VM-P) = (-cH^ + + ( •""'"m.-I""'^ ^^ + "■-) + l^l'^- (3-1) 

where c, A and A are order one constants, H is the Hubble expansion rate, and M is the 
UV cut-off scale. The sign in front of the quadratic part must be negative in order for the 
AD scalar to have large field value when it starts the spiral motion, which is required in 
the AD baryogenesis. The coefficient of the Hubble induced A-term Ah can be order one 
or can be much suppressed, depending on the symmetry of the inflaton sector. While its 
magnitude does not affect the produced baryon number density, it is of crucial relevance 
for the baryon isocurvature perturbation [35l [361 [371 [38] . We will discuss it in some detail 
in section [H We are interested in the case Ah -C 1, and consider this case in the following. 
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During the second inflation, the AD scalar stays at the minimum of the potential (13. II) . 
We flrst assume 



cHi > m\j,. (3.2) 

From (12.41) . for / ~ Mp, we have H2 ~ Tn^. In section |4] we will see that / is bounded 
from above as / < 5Mp by the upper bound on the e-folds of the second inflation, see 
(I4.10p . We also assume that the effects of A-terms to the minimum of the potential of 
the AD scalar is smaller than those from the other terms during the second inflation. 
This assumption amounts to 

4c(p-l)i/2»pM2m2/2, (3.3) 

when H H2. (13. 2 p and (13. 3p may be satisfled with moderately large c. For example, 
when / = \/6Mp and H2 = ~ 2m3/2 ~ 2m ad, ^ ~ 1 and p = 9 which are the 
parameter set we will use later, (13. 3p reads 



00.6, (3.4) 

which may be realized with the order one coefficient c. With the same parameter set, 
(13. 2 p can be also satisfled. With the above assumptions, the fleld value during the second 
inflation can be estimated as 



The baryon number density rz^ is given by 

ub = iq\(t)(t)* - 4>(j)] , (3.6) 



where q is the baryon number carried by the AD scalar and the dot denotes the derivative 
with respect to time t in the coordinate system (12. 7p . The evolution of the baryon number 
density follows from the equation of motion of cf) and is given by 



fiB + 3Hn B = 2q Im 



(3.7) 



where Va{4>) is the A-term part of the AD scalar potential (13.11) : 



VA{ct>) = M,-3 + h.c. (3.^ 



Since we are interested in the case Ah <^ 1, we will neglect the Hubble induced A- 
term in the following. Then, during the second inflation the angular part of the complex 
scalar (p will take random value. When H ~ rricr and a < 7r//2, the inflating curvaton 
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starts to oscillate and the energy density of the universe is dominated by the curvaton 
matter. When H ~ ■m^/), (13.31) is no longer satisfied. Then, the potential for the angular 
direction from the A-term becomes relevant and the AD scalar starts a spiral motion. By 
multiplying a? it) {a{t) is the scale factor in (12. 7p ) to (13. 7p and integrating with respect to 
the time t, we obtain 

a\t)nB{t) ~ qp dt'a'{t')^lm[Ar] 

+ qp f dt'a\t')^\m[Act>^]. (3.9) 

The contribution from the second term of (13.91) is small because of the two reasons: (a) 
Im[74(/)^] changes sign rapidly due to the spiral motion of the AD scalar 0. (b) The 

p p 

amplitude of |0|^ decreases with time as Hp^ oc t~p^ in the matter dominant universe 
and it also makes the contribution from this term small. Therefore, the baryon number 
density is produced dominantly at the onset of the spiral move tsp. Since a oc t'^^^ in the 

p— 4 

matter dominant universe, the integrand of the first term of (13. 9p is proportional to tp^. 
Then the integration gives 

f \(j)g \P\ P — 2 

Ub ~ qpm3/2 [j^j 2sin[p^,p + arg(yl)] x _ q ^'p- ^^'^^^ 

Here, we set the initial condition for the baryon number density to be zero at the end of 
the second infiation. From a oc t^^^ and = a/a ~ in the matter dominant universe, 
(13.10p becomes 

v(v — 2) f \6 \P\ 2 

where we have parametrized the phase part of the AD scalar by 6*: </> = |</'|e*^, and 9sp is 
the value of 9 when the AD scalar starts the spiral motion. |</)sp| is defined with (13. 5 p as 

1 

= 4>rmn{H = TUad) ~ M ■ (3-12) 

The ratio of the baryon density to AD scalar at this epoch is given by 
'nB\ Ub 2qp{p-2) 7713/2 



I |, 12 0/ Q^ / T sm[pesp + aig{A)]. (3.13) 

When the Hubble expansion rate becomes much less than niAD, the baryon number of 
the condensate is frozen, and later be converted to the baryon asymmetry. As we check 
later, the energy density of the AD scalar is always sub-dominant and its decay does not 
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reheat the universe. The curvaton decays around the time scale F^.^, where To- ~ m^/Mp. 
The baryon density at this epoch is given by 

nB{t-T-')-mAD<P%(—) (^)\ (3.14) 

where the factor T^/rriAD comes from the expansion of the universe in the matter dom- 
inance: a oc t^/^. After the curvaton decay, the curvaton energy is converted to the 
radiation with reheating temperature Tr. We make an approximation that the curvaton 
energy density is instantaneously transferred to the energy density of radiation at t ~ F"^. 
At this time if ~ r^r and thus 

Pr = ^^^^n - Sr^M^, (3.15) 

where g*{T) is the effective number of the contribution of the massless degrees of freedom 
to the energy density at temperature T. From (13.151) we obtain 

/ on \ 

Tr ~ , v^rVMp. (3.16) 

The entropy density at this epoch is estimated as 

27r2 



9*{Tn)T'^, (3.17) 



45 

The baryon number to entropy ratio at the time of the reheating is given by 
nB_ 45 2 ( \ ^ / nB_ 

45 1 M f ma\^ f ^/p^M\^ f Ub 



2n'^g^{TR) .Jp-lMp \MpJ \ tuad J 
45 1 TrM [ yJp^M\^^ [ Ub 



sp 



2'K'^g^iTR) - 1 Ml \ niAD J \n<j, 



(3.18) 



In our scenario there is no further entropy production at later stage and the baryon to 
entropy ratio f l3.18p is fixed until today. To estimate (I3.18p . let us be little bit more precise 
about the decay rate Fg.. The precise number is model dependent and here we choose 

r, = 4^, (3.19) 

following [12] , as an representative value. Then, for ~ 150 TeV we have Tr ~ 70 
MeV, where s-^Tr) = 10.75 is used. For M ~ Mr, p = 9 and g ~ 1, IKTE^ gives 



/ 75TeV \^ /m3/2\ 
V niAD J XmADj ' 
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Here, we have assumed sm[p9sp + a.Tg{A)] ~ 1. fl3.20p gives the correct order of the baryon 
to entropy ratio of the present universe 9 x 10^^^ for the representative parameter set. 
We need relatively large p to account for the present baryon asymmetry of the universe. 
This is because the reheating temperature, which depends on the moduli curvaton mass 
~ (9(10 — lO^TeV), is relatively low in our scenario. The choice p = 9 has a good reason, 
since larger p gives larger (pgp and thus gives larger contribution to the baryon number, 
and p = 9 is the maximal p in MSSM [5^ . 

In the above we assumed that the energy density of the AD scalar is always sub- 
dominant. This can be easily checked to be the case. When the AD scalar starts to 
oscillate, the energy density of the universe is given by 

PtotiH ~ tjiad) ~ 3m\j,Ml (3.21) 

On the other hand, the energy density of the AD scalar is given by 



2/2 2 T,r2 ( ITT' AD 



2 

p-2 



Vp^m^ 

< PtotiH niAD), (3.22) 

where the last line is satisfied when ruAD is sufficiently smaller than M. 

In the analysis so far, we were assuming that the AD condensate evolves homoge- 
neously after it formed. In general, there is a possibility that the AD condensate becomes 
unstable with respect to spacial perturbations and turns into non-topological solitons 
called Q-balls jlQl HH Il2l HHl HI] . If Q-balls are formed, our scenario for the evolution 
of the universe may need to be modified. However, while we have not made detailed 
analysis, it seems likely that Q-balls are not formed in our preferred parameter region 
"^AD ^ 1^1/2, where mi/2 is the mass scale for the gauginos |15]. In order for the Q-balls 
to be formed, it is necessary that the potential for the AD scalar is fiatter than |0p at 
large field values. After taking account the one-loop correction, the potential for the AD 
scalar looks like 

Vad,i-Ioop{<I>) ~ mlM' (^1 + K In + . . . , (3.23) 

where the coefficient K is determined from the renormalization group equations, see e.g. 
{l6l HSl H?]. Loops containing gauginos make a negative contribution proportional to 
rriy^j while loops containing sfermions make a positive contribution proportional to tti^^. 
Thus when the spectrum is such that the gauginos are much lighter than the sfermions 
i.e. mAD ^ ^^1/2; which is the case of our interest, K is likely to be positive and thus 
Q-balls will not be formed. More complete analysis of the Q-balls is beyond the scope of 
the current paper and is left to the future investigations. 
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4 Baryon isocurvature perturbation 



As we mentioned in section [31 while the baryon number density is not affected much by 
the Hubble induced A-term, the magnitude of the coefficient Ah of the Hubble-induced 
A-term is crucially relevant for the uncorrelated baryon isocurvature perturbation [35l [36l 
EH ES] : If there is no sizable Hubble-induced A-term, the phase part of the AD scalar 
is effectively massless during the first inflation and acquires quantum fluctuations, which 
leads to uncorrelated baryon isocurvature perturbation. Below we study this case, i.e. 
Ah ^ 1 in eq. fl3.1l) . If the Hubble induced A-term is sizable, there is no uncorrelated 
baryon isocurvature perturbation and the observational bound on it does not put any 
constraint on our model. 

Since the curvaton dominates the energy density when the baryon number is generated, 
the baryon number to entropy density ratio (I3.18P does not depend on the curvaton field 
fluctuations. Therefore, no correlated baryon isocurvature perturbation is produced in 
our scenario. This is an important difference from the AD baryogenesis in the original 
oscillating curvaton scenario, as we discuss in section |5l 

At the horizon exit during the first inflation, the phase part of the AD scalar acquires 
fluctuation: 

''-^\- 

where (pi is the field value of the AD scalar during the first inflation. It is given by 
01 = (pminiHi), where (pminiH) is given in (13. 5p . The baryon isocurvature perturbation 
Sb is defined as 

6pB 3 6py fus 



Pb 4: \ s / 

Here, ps and p^ are the present energy density of baryons and photons, respectively. We 
have used p'^^^ oc s in the above. Substituting (I3.18P (with (I3.13P ) into (14.20 . we obtain 

SBr-pcot[pesp + aTgiA)]69. (4.3) 

We assume that the curvature perturbation is dominantly from the curvaton. Then, from 
(14.11) we can estimate the uncorrelated isocurvature perturbation 

I rt(uncorr) i Hi 

\Sb I ~ P 



27r|0i| 



~ pVpZ1(^!^V-' (4 4) 

27r \^/^^M J ■ ^ ■ ^ 

In the first line we assumed cot[p6sp + arg(A)] ~ though one should keep in mind 

that the | cot | function can take any value between [0, oo]. The baryon isocurvature 
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perturbation is constrained by the current observational bound on the matter isocurvature 
perturbation [5^ : 

^giuncorr)^ < ^J^L X y^V'/^ ~ 7 X IQ-' , (4.5) 

where we have used ao < 0.08. Here, we have used Pb/Pc = ^b/^c ~ 0.2. For p = 9 and 
M ~ Mp, by comparing f l4.4p and (14. 5 p we obtain an upper bound on Hi. 

Hi<8x 10~^Mp. (4.6) 

Let us study the imphcation of this bound to the inflating curvaton model discussed in 
section [1 Putting to OCT]) we obtain 

where 

We made clear that 5"c(/) depends on / through H2 and F. Putting (14. 7p to (I2.14p we 
obtain 



1 



On the other hand, since H2 ~ m^, from (12. ip we have A^2 ^ 36. Thus (14. 9 p leads to an 
upper bound on /. The right hand side of (14.91) is slightly complicated function of /, but 
numerically solving it we obtained 

/<5Mp. (4.10) 

On the other hand, for a successful AD baryogenesis we require H2 > mAo- Then from 
(12^ we obtain 

/ > !!!^v^Mp. (4.11) 

In order that there is an allowed region for / we need 

^ < 4. (4.12) 

This condition is satisfied in our scenario, since we assume rrifj > rriAD as summarized in 
the introduction. 
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Going in the opposite direction, if we set the ratio niAD/^ai we obtain a theoretical 
constraint on uncorrelated baryon isocurvature perturbation in our modeL However, 
this bound terns out to be very mild, practically giving no constraint: For the case 
TfiADlfna ~ 0.5, we numerically obtained the bound 

«o > 10"'^ (4.13) 

This is an extremely mild constraint since the lower bound would not be detectable 
in a foreseeable future. Note that this is just a lower bound, meaning the the baryon 
isocurvature perturbation above the bound might be detected in the future observation. 

5 An issue in the oscillating moduli curvaton sce- 
nario with AD baryogenesis 

In this section we review an issue in the AD baryogenesis in the original oscillating cur- 
vaton scenario, when the curvaton is a moduli field [25] (see also |18]). Then we argue 
that this issue naturally leads us to consider the AD baryogenesis in the inflating curva- 
ton scenario. In this section we will use the same notation for the curvaton and related 
variables as before, but notice that we are discussing a different scenario in this section. 
It will not cause any confusion if the readers keep in mind that the oscillating curvaton 
scenario is discussed only in this section. 

In the oscillating curvaton scenario, it is assumed that when the curvaton starts to 
oscillate i.e. H ~ ttIo^, the universe is dominated from the radiation whose energy density 
is 

~ 'imlMl, (5.1) 
while the energy density of the curvaton is given by 

P<yfi ~ (5.2) 

where Oo is the field value of the curvaton at this moment. Here, we consider the quadratic 
potential for the curvaton: 

V;(a) = ^m>2 (5.3) 

which is most popular in the oscillating curvaton models, instead of (12. 2p . We write the 
scale factor at this moment as Qq. From fl5.ip and (15.21) . by assuming that the radiation 
dominates the energy density of the universe at this epoch, i.e. pr,o ^ Pa.o-, we have 

Oo < VQMp. (5.4) 
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After this epoch, the energy density of the curvaton matter decreases as Pcr{a) oc a~^, 
whereas that of the radiation decreases as Pr{o) oc a~^, where a is the scale factor (see 
( 12. 7p ). Thus the subsequent evolution is given as 

Pr{a) do Pr,o aoGMp 

From ( 15. 5p . a^g when the energy density of the curvaton and that of the radiation become 
equal is given by 

deq = do 5-. (5.6) 

At this moment the energy density of the curvaton is given by 

Pa{aeq) = Pa,o[—] 

1 2 2 f^Ml 

k f ) • (5.7) 



2 "V(V6M, 



p 



At the time of the radiation-curvaton equality, the expansion rate Heg is obtained from 

H^, = ^Ma.,) = 2ml(^-^)\ (5.8) 

thus 

" '' " (5.9) 



The correlated baryon isocurvature perturbation crucially depends on whether which of 
the following cases is realized |25] : 

1. The AD field starts to oscillate when the radiation is dominant. 

2. The AD field starts to oscillate when the curvaton is dominant. 

Whether which case is realized depends on whether the mass of the AD field rriAD is 
bigger or smaller than Heg-. If H^g < rriAD, the case 1 is realized while H^g > rriAD, the 
case 2 is realized. Using (15. 9p . these conditions can be rewritten as 

1/4 

/77,. / iii-AD \ 



o > VQMpi^-^-j : case 2 (5.11) 



14 



Let us first look at the case 1. As we have seen in section [3l the baryon number is 
dominantly generated at the time when the AD scalar starts the spiral motion, H ~ mAD- 
The curvaton number density at this epoch is = m„asp^/2, where asp is the curvaton 
field value at this epoch. Thus the baryon to curvaton number density ratio is proportional 
to oc asp~'^ . In the case 1, asp oc ao oc a^, where a* is the field value of the curvaton 
at the horizon exit. The baryon to curvaton ratio is converted into the baryon to entropy 
ratio when the curvaton decays, and it is fixed until today if there is no entropy production 
at later time. Thus in this case we have a correlated isocurvature perturbation [25] 



4^°^") ~ 6\n{a;') ~ -2—. (5.12) 
In the oscillating curvaton scenario with the quadratic potential (15. 3p . (5(t* is given by 

5a, = ^. (5.13) 

Here, Hi is the Hubble parameter at the inflationary stage. Assuming that the primor- 
dial curvature perturbation is dominantly produced by the curvaton. Hi is related to cr* 
through the CMB normalization: 

H 

Sua 

From (KT2\i . (KT^ and flETi]) we obtain 

5a 



5. 



a 



Vl'^ = = 5 X 10"^ (5.14) 



I Q{corr) I 
I 



2- 

cr* 



2 X 10-^ (5.15) 



This is one order above the current observational bound 

\St'''\ < ^V^i-Pl^" < 2 X 10-^ (5.16) 

where we have used a_i < 0.005. Thus the case 1 is excluded by the observation. 

On the other hand, in the case 2, after the curvaton becomes dominant in the energy 
density of the universe, the Hubble parameter is determined by the curvaton field value, 
and vice versa. Put it differently, after the curvaton dominates the energy density, in 
the gauge where on each time slice the energy density is spatially uniform, the curvaton 
density is also spatially uniform. In this gauge, the baryon number is also produced 
uniformly. Thus the baryon to curvaton ratio does not depend on the fluctuation of the 
curvaton. The baryon to curvaton ratio is later converted to baryon to entropy ratio when 
the curvaton decays, thus there is no correlated isocurvature perturbation. 

From (15. lip , the case 2 may be realized by the following two ways: 

(i) ao>V6Mp. (5.17) 

(ii) > ruAD- (5.18) 
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Due to the 1/4 power dependence on the ratio niAD/fna in (15.111) . in order to reahze 
the case 2 we need a large hierarchy between and rriAu. In the weak-scale super- 
symmetry framework, the anomaly mediation can give a hierarchy typically of order 
fnAo/^cr ~ 10"^ — 10"'^ by one-loop factor. If we consider the case of the maximal 
hierarchy niAD/'ma ~ 10^'^, {mAD/^uY^'^ ~ 0.2 and therefore from (15. lip and (15. 4p we 
obtain 

We do not have an analytical control in the transition region between the case 1 (I5.10p and 
case 2 (15. lip , which corresponds to the region around (Jo/(-\/6Mp) ~ {rnAD/m„Y/^ ~ 0.2. 
Therefore, one may wonder whether there is an window in the region (I5.19P which is not 
ruled out by the observational bound on the correlated baryon isocurvature perturbation. 
However, according to the numerical analysis in [25] with the updated WMAP data [32], 
the region (I5.19P seems to be ruled out. 

We have seen that even if we assume the maximal hierarchy between ma and mAo 
^ad/^cf ~ 10"'^ which can be naturally realized in the weak-scale supersymmetry sce- 
nario to achieve (I5.18p . the oscillating curvaton scenario is severely constrained, if not 
ruled out, by the observational bound on the baryon isocurvature perturbation. Actually, 
as mentioned in the footnote |2] and can be understood from the analysis in section [3l with 
the mass scales natural in the anomaly mediation the AD baryogenesis does not work as 
in the gravity mediation case. Thus we considered mg- ~ 2mAD as our reference in the 
previous sections, which is natural in the gravity mediation. This case is clearly ruled out 
by the observational bound on the baryon isocurvature perturbation. 

While the lower bound in ( 15.19P is closely tied with the observations and is hard to 
avoid, the upper bound is just a condition in order to stay in a particular scenario, namely 
the oscillating curvaton scenario: The upper bound in (I5.19P came from the assumption 
that the radiation dominates the energy density of the universe when the curvaton starts 
to oscillate, (15. 4p . Thus this bound can be relaxed if we assume instead that the energy 
density of the curvaton is comparable or larger than that of the radiation at the time 
when the curvaton starts to oscillate. However, in this case the curvaton energy density 
before its oscillation may cause the second stage of inflation and the scenario would need 
to be modified considerably. This situation may better be studied in the framework of 
the inflating curvaton scenario, which is the main focus of the current paperE 



"^In |26j it was argued that the inflating curvaton with a quadratic potential cannot make a dominant 
contribution to the primordial curvature perturbation, when both the inflaton and the curvaton have 
canonical kinetic terms. We review the outline of their arguments in appendix lAl 
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6 Summary and discussions 

The main results of this paper can be summarized as follows: 

1. The AD baryogenesis in the inflating curvaton scenario is consistent with the ob- 
servational bound on baryon isocurvature perturbation. Note that as explained in 
section |5l the observational bound on correlated baryon isocurvature perturbation 
severely constrains the AD baryogensis in the original oscillating curvaton scenario 
when the curvaton is a moduli field. 

2. The moduli field with 0(10 — 10^ TeV) mass plays multiple key roles in our scenario. 
It explains the primordial curvature perturbation as well as the baryon density and 
the cold dark matter density of the present universe (see appendix |B] for the cold 
dark matter part). 

It will be interesting to realize our scenario in a controlled string compactification with 
stabilized moduli, which will predict more precise values for the physical input parameters. 
It will also be interesting to examine whether such (9(10 — 10^ TeV) mass moduli field 
exists in a large class of four-dimensional compactifications of string theory with stabilized 
moduh [12]. 
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works. We also thank Chian-Shu Chen for discussions. KF was benefited from the NCTS 
topical program "LHC Physics: W, Z and beyond" held in Oct. 18 - Dec. 17 2010, 
where he learned from Gordy Kane about their works. He thanks the organizers and the 
participants for creating stimulating environments. KF is supported in part by the NCTS 
String Theory Focus Group under the NSC grant No.l00-2119-M-002-001. 

A Contribution of the inflating curvaton with a quadratic 
potential to the primordial curvature perturbation 

In this appendix we outline the arguments of [26] that the inflating curvaton with a 
quadratic potential cannot dominate the primordial curvature perturbation when both 
the inflaton and the curvaton have canonical kinetic terms. 
We start from looking at the tilt of the spectrum [191 SHI 129] 
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(A.l) 
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where 

_ H _ 1 c}V(J,a,...) 
^- = ^' ^ = ^ • (A-2) 

Here, o", . . .) is the total potential for the inflaton / of the first inflation, the curvaton 
and other scalar fields in the model. The subscripts 1 mean they are the values during 
the first inflation. The right hand side of (lA.ip is evaluated at the horizon exit k = aH . 
The observation gives n — 1 ~ 0.04 [32]. In many models the last two terms in (lA.ip are 
negligible. Even when they are not negligible, it is unlikely that the terms in the right 
hand side of (lA.ip cancel accurately so that they give the value in the observed tilt. Thus 
we obtain 

em < 0.02. (A.3) 

Assuming that the inflaton has a canonical kinetic term, the contribution to the primordial 
curvature perturbation from the inflaton is given by 



V]/' ~ (A.4) 



On the other hand, when the curvaton also has a canonical kinetic term, in order to realize 
the second inflation we should require the slow-roll condition eH2 ~ £2 = Mp{y' /VY ^ 1- 
In this case, the contribution to the primordial curvature perturbation from the curvaton 
is given by 



Thus we obtain the ratio 



((?')— ~2iV2em - , (A.6) 

where we have used 02 = g{<y*) oc a*. Since the curvaton rolls down slowly during the 
first and the second inflation, there should not be much difference between (T2 and a*, 
^2/0"* < 1. Thus from (12. ip and ( lA.Sp . we obtain 



^ < 1- (A.7) 
/ C/ 



From flA.7l) we conclude that with the naturalness argument above eq. flA.3p . the inflating 



curvaton with a quadratic potential cannot dominate the primordial curvature perturba- 
tion when both the inflaton and the curvaton have canonical kinetic terms. 
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B Non-thermal production of the cold dark matter 



For completeness, in this appendix we review the non-thermal production of the cold 
dark matter density [9] (see also [501 1101 [HI [I2l ESI |51]) and confirm that it is realized 
in our model. The moduli field couples to other fields universally with the strength of 
the gravitational interaction, thus it decays to the superpartners with a large branching 
ratio. Each of these superpartners eventually decay to an LSP. When the branching ratio 
is order one, the LSP to entropy ratio is roughly the same order with the curvaton to 
entropy ratio before the curvaton decaylf] It can be calculated in a similar way to the 
baryon to entropy ratio fl3.18p and is given by 



n„ 45 3m\^Mp 



{B.l] 



s 27i'^g^(TR)T^ m„ \mAD J 

Here, we have approximated the inflating curvaton potential with the quadratic potential 
(I2.15P when H ~ rriAD- The produced LSPs undergo an out-of equilibrium annihilation if 
the self-annihilation rate is larger than the expansion rate: n^{vreiO') > H . This amounts 
to the following condition: 



H 



(VrelO-) 



(B.2) 



T=T, 



R 



For the mass of the LSP m^. ~ 100 GeV the cross section of the wino of this mass 
{vrei<y) ~ 3 X 10"'^ GeV~^ [9|. Then for ttIo- ~ 150TeV the abundance is too large, i.e. 
rty^l s ~ 10^'' while n'^/s ^ 10~^^. Thus the LSPs further annihilate. The final abundance 
is determined by the critical number density n^. The final dark matter to entropy ratio 
is given by 



_ 45 H 



271^ g,{T)T^ (vreia) 



(B.3) 

T=Tr 



We will use g*{T{i) = 10.75 as before. (]B.3P can be converted into the relic abundance 
today: 



= 

Po/so s 



3 X 10-^GeV"2\ /150TeV\ 



llOOGivH (^) )[~^) • ^^-'^ 

Here, po/so is the ratio between the critical density and the entropy density Pq/sq ~ 3.6 x 
10~^h^ GeV, where h is the present Hubble constant in units of 100 km s~^ Mpc~^. flB.4p 



^As can be seen from the discussion below, the conclusion would not change up to the branching ratio 
as small as 0(10"'*). 
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gives the correct order for the present dark matter to critical density ratio Qch ^ = 0.11 
for the representative set of parameters, § 
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